The Cassini mission offered us the opportunity to monitor the seasonal evolution of Titan's atmosphere from 2004 to 2017, i.e. half a Titan year. The lower part of the stratosphere (pressures greater than 10 mbar) is a region of particular interest as there are few available temperature measurements, and because its thermal response to the seasonal and meridional insolation variations undergone by Titan remain poorly known. In this study, we measure temperatures in Titan's lower stratosphere between 6 mbar and 25 mbar using Cassini/CIRS spectra covering the whole duration of the mission (from 2004 to 2017) and the whole latitude range. We can thus characterize the meridional distribution of temperatures in Titan's lower stratosphere, and how it evolves from northern winter (2004) to summer solstice (2017). Our measurements show that Titan's lower stratosphere undergoes significant seasonal changes, especially at the South pole, where temperature decreases by 19 K at 15 mbar in 4 years.
Introduction
Titan has a dense atmosphere, composed of N 2 and CH 4 , and many trace gases such as hydrocarbons (e.g. C 2 H 6 , C 2 H 2 ) and nitriles (e.g. HCN, HC 3 N) produced by its rich photochemistry. Like Earth, Titan has a stratosphere, located between 50 km (∼ 100 mbar) and 400 km (∼ 0.01 mbar), characterized by the increase of its temperature with altitude because of the absorption of incoming sunlight by methane and hazes. Titan's atmosphere undergoes strong variations of insolation, due to its obliquity (26.7 • ) and to the eccentricity of Saturn's orbit around the Sun (0.0565).
The Cassini spacecraft monitored Titan's atmosphere during 13 years (from 2004 to 2017), from northern winter to summer solstice. Its data are a unique opportunity to study the seasonal evolution of its stratosphere, especially with mid-IR observations from Cassini/CIRS (Composite InfraRed Spectrometer, Flasar et al. (2004) ). They showed that at pressures lower than 5 mbar, the stratosphere exhibits strong seasonal variations of temperature and composition related to changes in atmospheric dynamics and radiative processes. For instance, during northern winter (2004) (2005) (2006) (2007) (2008) , high northern latitudes were enriched in photochemical products such as HCN * Corresponding author or C 4 H 2 , while there was a "hot spot" in the upper stratosphere and mesosphere (0.1 -0.001 mbar, Achterberg et al. (2008) ; Coustenis et al. (2007) ; Teanby et al. (2007) ; Vinatier et al. (2007) ). These observations were interpreted as evidence of subsidence above the North pole during winter, which is a part of the pole-to-pole atmospheric circulation cell predicted for solstices by Titan GCMs (Global Climate Models, Lora et al. (2015) ; Lebonnois et al. (2012) ; Newman et al. (2011) ). These models also predict that the circulation pattern should reverse around equinoxes, via a transitional state with two equator-to-pole cells. These changes began to affect the South pole in 2010, when measurements showed that pressures inferior to 0.03 mbar exhibited an enrichment in gases such as HCN or C 2 H 2 , which propagated downward during autumn, consistent with the apparition of a new circulation cell with subsidence above the South pole (Teanby et al., 2017; Vinatier et al., 2015) .
Some uncertainties remain about the seasonal evolution of the lower part of the stratosphere, i.e. at pressures from 5 mbar (120 km) to 100 mbar (tropopause, 50 km). Different estimates of radiative timescales have been calculated for this region. In Strobel et al. (2010) , the radiative timescales in this region vary from 0.2 Titan years at 5 mbar to 2.5 Titan years at 100 mbar. This means that the lower stratosphere should be the transition zone from parts of the atmosphere which are sensitive to seasonal insolation variations, to parts of the atmosphere which are not. In contrast, in the radiative-dynamical model of Bézard et al. (2018) , radiative timescales are between 0.02 Titan year at 5 mbar and 0.26 Titan year at 100 mbar, implying that this whole region should exhibit a response to the seasonal cycle.
From northern winter to equinox, CIRS mid-IR observations showed that temperature variations were lower than 5 K between 5 mbar and 10 mbar Achterberg et al., 2011) . Temporal variations intensified after spring equinox, as Coustenis et al. (2016) measured a cooling by 16 K and an increase in gases abundances at 70
• S from 2010 to 2014, at 10 mbar, associated with the autumn subsidence above the South pole. Sylvestre et al. (2018) showed that this subsidence affects pressure levels as low as 15 mbar as they measured strong enrichments in C 2 N 2 , C 3 H 4 , and C 4 H 2 at high southern latitudes from 2012 to 2016 with CIRS far-IR observations. However, we have little information on temperatures and their seasonal evolution for pressures greater than 10 mbar. Temperatures from the surface to 0.1 mbar can be measured by Cassini radio-occultations, but the published profiles were measured mainly in 2006 and 2007 (Schinder et al., 2011 (Schinder et al., , 2012 , so they provide little information on seasonal variations of temperature.
In this study, we analyse all the available far-IR Cassini/CIRS observations to probe temperatures from 6 mbar to 25 mbar, and measure the seasonal variations of lower stratospheric temperatures. As these data were acquired throughout the Cassini mission from 2004 to 2017, and cover the whole latitude range, they provide a unique overview of the thermal evolution of the lower stratosphere from northern winter to summer solstice, and a better understanding of the radiative and dynamical processes at play in this part of Titan's atmosphere.
Data analysis

Observations
We measure lower stratospheric temperatures using Cassini/CIRS spectra. CIRS is a thermal infrared spectrometer with three focal planes operating in three different spectral domains: 10 -600 cm −1 (17 -1000 µm) for FP1, 600 -1100 cm −1 (9 -17 µm) for FP3, and 1100 -1400 cm −1 (7 -9 µm) for FP4. FP1 has a single circular detector with an angular field of view of 3.9 mrad, which has an approximately Gaussian spatial response with a FWHM of 2.5 mrad. FP3 and FP4 are each composed of a linear array of ten detectors. Each of these detectors has an angular field of view of 0.273 mrad.
In this study, we use FP1 far-IR observations, where nadir spectra are measured at a resolution of 0.5 cm −1 , in "sit-and-stare" geometry (i.e the FP1 detector probes the same latitude and longitude during the whole duration of the acquisition). In this type of observation, the average spatial field of view is 20
• in latitude. An acquisition lasts between 1h30 and 4h30, allowing the recording of 100 to 330 spectra. The spectra from the same acquisition are averaged together, which increases the S/N by a factor √ N (where N is the number of spectra). As a result, we obtain an average spectrum where the rotational lines of CH 4 (between 70 cm −1 and 170 cm −1 ) are resolved and can be used to retrieve Titan's lower stratospheric temperature. An example averaged spectrum is shown in Fig. 1 .
We analysed all the available observations with the characteristics mentioned above. As shown in table 1, this type of nadir far-IR observation has been performed throughout the Cassini mission (from 2004 to 2017), at all latitudes. Hence, the analysis of this dataset enables us to get an overview of Titan's lower stratosphere and its seasonal evolution. 
Retrieval method
We follow the same method as Sylvestre et al. (2018) . We use the portion of the spectrum between 70 cm −1 and 400 cm −1 , where the main spectral features are: the ten rotational lines of CH 4 (between 70 cm −1 and 170 cm −1 ), the C 4 H 2 band at 220 cm −1 , the C 2 N 2 band at 234 cm −1 , and the C 3 H 4 band at 327 cm −1 (see Fig. 1 ). The continuum emission comes from the collisions between the three main components of Titan's atmosphere (N 2 , CH 4 , and H 2 ), and from the spectral contributions of the hazes.
We retrieve the temperature profile using the constrained non-linear inversion code NEMESIS (Irwin et al., 2008) . We define a reference atmosphere, which takes into account the abundances of the main constituents of Titan's atmosphere measured by Cassini/CIRS (Coustenis et al., 2016; Nixon et al., 2012; Cottini et al., 2012; Teanby et al., 2009) , Cassini/VIMS (Maltagliati et al., 2015) , ALMA (Molter et al., 2016) and Huygens/GCMS (Niemann et al., 2010) . We also consider the haze distribution and properties measured in previous studies with Cassini/CIRS (de Kok et al., , 2010 Vinatier et al., 2012) , and Huygens/GCMS (Tomasko et al., 2008) . We consider four types of hazes, following de : hazes 0 (70 cm −1 to 400 cm −1 ), A (centred at 140 cm −1 ), B (centred at 220 cm −1 ) and C (centred at 190 cm −1 ). For the spectra measured at high northern and southern latitudes during autumn and winter, we add an offset from 1 to 3 cm −1 to the nominal haze B cross-sections between 190 cm −1 and 240 cm −1 , as in Sylvestre et al. (2018) . This modification improves the fit of the continuum in the "haystack" which is a strong emission feature between 190 cm −1 and 240 cm −1 (see Fig. 1 ) seen at high latitudes during autumn and winter (e.g. in Coustenis et al. (1999); de Kok et al. (2007) ; Anderson et al. (2012) ; Jennings et al. (2012 Jennings et al. ( , 2015 ). The variation of the offset allows us to take into account the evolution of the shape of this feature throughout autumn and winter. The composition of our reference atmosphere and the spectroscopic parameters adopted for its constituents are fully detailed in Sylvestre et al. (2018) .
We retrieve the temperature profile and scale factors applied to the a priori profiles of C 2 N 2 , C 4 H 2 , C 3 H 4 , and hazes 0, A, B and C, from the spectra using the constrained non-linear inversion code NEMESIS (Irwin et al., 2008) . This code generates synthetic spectra from the reference atmosphere. At each iteration, the difference between the synthetic and the measured spectra is used to modify the profile of the retrieved variables, and minimise a cost function, in order to find the best fit for the measured spectrum.
The sensitivity of the spectra to the temperature can be measured with the inversion kernels for the temperature (defined as K ij = ∂Ii ∂Tj , where I i is the radiance measured at wavenumber w i , and T j the temperature at pressure level p j ) for several wavenumbers. The contribution of the methane lines to the temperature measurement can be isolated by defining their own inversion kernels K CH4 ij as follows:
where
is the inversion kernel of the continuum for the same wavenumber. The CH 4 lines allow us to measure lower stratospheric temperatures generally between 6 mbar and 25 mbar, with a maximal sensitivity at 15 mbar. The continuum emission mainly probes temperatures at higher pressures, around the tropopause and in the troposphere. The continuum emission mostly originates from the N 2 -N 2 and N 2 -CH 4 collisions induced absorption with some contribution from the hazes, for which we have limited constraints. However, Fig. 2 shows that the continuum emission comes from pressure levels located several scale heights below the region probed by the CH 4 lines, so the lack of constraints on the hazes and tropospheric temperatures does not affect the lower stratospheric temperatures which are the main focus of this study. of the CH 4 rotational lines. CH 4 rotational lines dominate the temperature retrievals in the lower stratosphere, generally from 6 to 25 mbar (and up to 35 mbar, depending on the datasets). The continuum emission probes temperatures at pressures higher than 50 mbar, mainly in the troposphere.
Error sources
The main error sources in our temperature retrievals are the measurement noise and the uncertainties related to the retrieval process such as forward modelling errors or the smoothing of the temperature profile. The total error on the temperature retrieval is estimated by NEMESIS and is in the order of 2 K from 6 mbar to 25 mbar.
The other possible error source is the uncertainty on CH 4 abundance, as Lellouch et al. (2014) showed that it can vary from 1% to 1.5% at 15 mbar. We performed additional temperature retrievals on several datasets, in order to assess the effects of these variations on the temperature retrievals. First, we selected datasets for which CH 4 abundance was measured by Lellouch et al. (2014) . In Figure 3 , we show examples of these tests for two of these datasets: 52
• N in May 2007 and 15
• S in October 2006, for which Lellouch et al. (2014) measured respective CH 4 abundances of q CH4 = 1.20 ± 0.15% and q CH4 = 0.95 ± 0.08% (the nominal value for our retrievals is q CH4 = 1.48 ± 0.09% from Niemann et al. (2010) ). At 52
• N, the temperature profile obtained with the methane abundance from Lellouch et al. (2014) does not differ by more than 4 K from the nominal temperature profile. At 15 mbar (where the sensitivity to temperature is maximal in our retrievals), the difference of temperature between these two profiles is 2 K. Even a CH 4 volume mixing ratio as low as 1% yields a temperature only 4 K warmer than the nominal temperature at 15 mbar. At 15
• S, the difference of temperature between the nominal retrieval and the retrieval with the methane abundance retrieved by Lellouch et al. (2014) (q CH4 = 0.95%), is approximately 9 K on the whole pressure range.
We performed additional temperature retrievals using CIRS FP4 nadir spectra measured at the same times and latitudes as the two datasets shown in Figure 3 . In FP4 nadir spectra, the methane band ν 4 is visible between 1200 cm −1 and 1360 cm −1 . This spectral feature allows us to probe temperature between 0.1 mbar and 10 mbar, whereas methane rotational lines in the CIRS FP1 nadir spectra generally probe temperature between 6 mbar and 25 mbar. Temperature can thus be measured with both types of retrievals from 6 mbar to 10 mbar. We performed FP4 temperature retrievals with the nominal methane abundance and the abundances measured by Lellouch et al. (2014) , as shown in Figure  3 . FP4 temperature retrievals seem less sensitive to changes in the methane volume mixing ratio, as they yield a maximal temperature difference of 3 K at 52
• N , and 4 K at 15
• S between 6 mbar and 10 mbar. In both cases, FP1 and FP4 temperature retrievals are in better agreement in their common pressure range when the nominal methane abundance (q CH4 = 1.48%) is used for both retrievals. This suggests that q CH4 = 1.48% is the best choice, at least in the pressure range covered by both types of temperature retrievals (from 6 mbar to 10 mbar). Changing the abundance of CH 4 in the whole stratosphere seems to induce an error on the temperature measurements between 6 mbar and 10 mbar (up to 9 K at 15
• S), which probably affects the temperature at 15 mbar in the FP1 retrievals, because of the vertical resolution of nadir retrievals (represented by the width of the inversion kernels in Fig. 2 ). Consequently, assessing the effects of CH 4 abundance variations on temperature at 15 mbar by changing q CH4 in the whole stratosphere seems to be a very unfavourable test, and the uncertainties on temperature determined by this method are probably overestimated for the FP1 temperature retrievals. Overall, when retrieving temperature from CIRS FP1 nadir spectra with q CH4 = 1% for datasets spanning different times and latitudes, we found temperatures warmer than our nominal temperatures by 2 K to 10 K at 15 mbar, with an average of 5 K. In Lellouch et al. (2014) , authors found that temperature changes by 4-5 K on the whole pressure range when varying q CH4 at 15
• S, but they determined temperatures using FP4 nadir and limb data, which do not probe the 15 mbar pressure level. • S, at L S = 300 • ), while the minimal temperatures are reached at high southern latitudes in autumn (123 K at 6 mbar, 106 K at 15 mbar at 70
Results
The maximal seasonal variations of temperature are located at the poles for both pressure levels. At high northern latitudes (60
• N -90
• N), at 15 mbar, the temperature increased overall from winter to summer solstice. For instance at 70
• N, temperature increased by 10 K from January 2007 to September 2017. At 6 mbar, temperatures at 60
• N stayed approximately constant from winter to spring, whereas latitudes poleward from 70
• N warmed up. At 85
• N, the temperature increased continuously from 125 K in March 2007 to 142 K in September 2017.
In the meantime, at high southern latitudes (60
• S -90
• S), at 6 mbar and 15 mbar, temperatures strongly decreased from southern summer (2007) to late autumn (2016). It is the largest seasonal temperature change we measured in the lower stratosphere. At 70
• S, temperature decreased by 24 K at 6 mbar and by 19 K at 15 mbar between January 2007 and June 2016. This decrease seems to be followed by a temperature increase toward winter solstice. At 70
• S, temperatures varied by +8 K at 6 mbar from June 2016 to April 2017. Temperatures at high southern latitudes began to evolve in November 2010 at 6 mbar, and 2 years later (in August 2012) at 15 mbar.
Other latitudes experience moderate seasonal temperature variations. At low latitudes (between 30
• N and 30
• S), temperature decreased overall from 2004 to 2017 at both pressure levels. For instance, at the equator, at 6 mbar temperature decreased by 6 K from 2006 to 2016. At mid-southern latitudes, temperatures stayed constant from summer (2005) to mid-autumn (June 2012 at 6 mbar, and May 2013 at 15 mbar), then they decreased by approximately 10 K from 2012-2013 to 2016. At mid-northern latitudes temperatures increased overall from winter to spring. At 50
• N, temperature increased from 139 K to 144 K from 2005 to 2014. In Figure 5 , at 6 mbar and 15 mbar, the meridional temperature gradient evolves from one season to another. During late northern winter, temperatures were approximately constant from 70
• S to 30
• N, and then decreased toward the North pole. In mid-spring, temperatures were decreasing from equator to poles. Near the summer solstice, at 15 mbar, the meridional temperature gradient reversed compared to winter (summer temperatures constant in northern and low southern latitudes then decreasing toward the South Pole), while at 6 mbar, temperatures globally decrease from the equator to the South pole and 70
• N, then increase slightly between 70
• N and 90
• N. At 15 mbar, most of these changes in the shape of the temperature distribution occur because of the temperature variations poleward from 60
• . At 6 mbar, temperature variations occur mostly in the southern hemisphere at latitudes higher than 40
• S, and near the North pole at latitudes higher than 70
• N. Figure 6 shows the first and the last temperature profiles measured with CIRS nadir far-IR data, for several latitudes. As in Fig. 4 , the maximal temperature variations are measured at high southern latitudes for all pressure levels. At 70
• S, the temperature decreased by 25 K at 10 mbar. Below 10 mbar the seasonal temperature difference decreases rapidly with increasing pressure until it reaches 10 K at 25 mbar, whereas it is nearly constant between 5 mbar and 10 mbar. 85
• N also exhibits a decrease of the seasonal temperature gradient below the 10 mbar pressure level, although it is less pronounced than near the South pole. At 45
• S, the temperature decreased by approximately 10 K from 2007 to 2016, over the whole probed pressure range. At the equator, the temperature varies by -5 K from 2005 to 2016 at 6 mbar and the amplitude of this variation seems to decrease slightly with increasing pressure until it becomes negligible at 25 mbar. However the amplitude of these variations is in the same range as the uncertainty on temperature due to potential CH 4 variations. Figure 7 shows a comparison between our results and previous studies where temperatures have been measured .The dashed magenta line shows the potential effect of the CH 4 variations observed by Lellouch et al. (2014) . If we take into account this effect, the agreement between our data, the radio-occultations and the HASI measurements is good.
Discussion
Comparison with previous results
in the lower stratosphere at similar epochs, latitudes and pressure levels. In the top left and right panels, our temperature measurements are compared to results from CIRS FP4 nadir observations Coustenis et al., 2016) which probe mainly the 0.1-10 mbar pressure range. In the top left panel, the temperatures measured at 6 mbar by these two types of observations are in good agreement for the two considered epochs (2009-2010 and 2014) . We obtain similar meridional gradients with both types of observations, even if FP4 temperatures are obtained from averages of spectra over bins of 10
• of latitudes (except at 70
• N and 70
• S where the bins are 20
• wide in latitude), whereas the average size in latitude of the field of view of the FP1 detector is 20
• . It thus seems than the wider latitudinal size of the FP1 field of view has little effect on our temperature measurements. In the right panel, our temperature profiles are compared to two profiles measured by Coustenis et al. (2016) using CIRS FP4 nadir observations (at 50
• S in April 2010, and at 70
• S in June 2012), and with Cassini radio-occultations measurements from Schinder et al. (2011 Schinder et al. ( , 2012 , which probe the atmosphere from the surface to 0.1 mbar (0 -300 km). CIRS FP1 and FP4 temperature profiles are in good averall agreement. The profile we measured at 28
• S in February 2006 and the corresponding radio-occultation profile are within error bars for pressures lower than 13 mbar, then the difference between them increases up to 8 K at 25 mbar. The bottom left panel of Fig. 7 shows the radio-occultation temperatures in 2006 and 2007 compared to CIRS nadir FP1 temperatures at 15 mbar, where their sensitivity to the temperature is maximal. Although, the radio-occultations temperatures are systematically higher than the CIRS temperatures by 2 K to 6 K, they follow the same meridional trend. CIRS FP1 temperatures at the equator are also lower than the temperature measured by the HASI instrument at 15 mbar during Huygens descent in Titan's atmosphere in 2005. If we take into account the effect of the spatial variations of CH 4 at 15 mbar observed by Lellouch et al. (2014) by decreasing the CH 4 abundance to 1% (the lower limit in Lellouch et al. (2014) ) in the CIRS FP1 temperature measurements (dashed line in the middle panel of Fig. 7) , the agreement between the three types of observations is good in the southern hemisphere. The differences between radio-occultations, HASI and CIRS temperatures might also be explained by the difference of vertical resolution. Indeed nadir observations have a vertical resolution in the order of 50 km while radio-occultations and HASI observations have respective vertical resolutions of 1 km and 200 m around 15 mbar. Because of Saturn's orbital eccentricity of 0.0565, the distance between Titan and the Sun varies enough to affect significantly the insolation. For instance, throughout the Cassini mission, the solar flux received at the equator has decreased by 19% because of the eccentricity. We make a simple model of the evolution of the temperature T at the equator as a function of the distance between Titan and the Sun. In this model we assume that the temperature T at the considered pressure level and at a given time depends only on the absorbed solar flux F and we neglect the radiative exchanges between atmospheric layers:
Effects of Saturn's eccentricity
where is the emissivity of the atmosphere at this pressure level, and σ the Stefan-Boltzmann constant. T can thus be defined as a function of the distance d between Titan and the Sun:
where L is the solar power, and α the absorptivity of the atmosphere. If we choose a reference temperature T 0 where Titan is at a distance d 0 from the Sun, a relation similar to (3) can be written for T 0 . If we assume and α to be constant, T can then be written as: Bézard et al. (2018) where they are respectively equal to 0.024 Titan year and 0.06 Titan year. At both pressure levels, the model captures the magnitude of the temperature change, but does not fully match its timing or shape (especially in 2012-2014) , implying that a more sophisticated model is needed. The remaining differences between our model and the temperature measurements could be decreased by adding a temporal lag to our model (2-3 years at 6 mbar and 3-4 years at 15 mbar), but the error bars on the temperature measurements are too large to constrain the lag to a value statistically distinct from zero. Even with this potential lag, the agreement between the model and the temperatures measured at 6 mbar shows that the amplitude of the temporal evolution throughout the Cassini mission may be explained by the effects of Saturn's eccentricity. At 15 mbar, given the error bars and the lack of further far-IR temperature measurements at the equator in 2016 and 2017, it remains difficult to draw a definitive conclusion about the influence of Saturn's eccentricity at this pressure level.
4.3. Implication for radiative and dynamical processes of the lower stratosphere In Section 3, we showed that in the lower stratosphere, the seasonal evolution of the temperature is maximal at high latitudes, especially at the South Pole. At 15 mbar, the strong cooling of high southern latitudes started in 2012, simultaneously with the increase in C 2 N 2 , C 4 H 2 , and C 3 H 4 abundances measured at the same latitudes and pressure-level in Sylvestre et al. (2018) . We also show that this cooling affects the atmosphere at least down to the 25 mbar pressure level (altitude of 70 km). The enrichment of the gases and cooling are consistent with the onset of a subsidence above the South Pole during autumn, as predicted by GCMs (Newman et al., 2011; Lebonnois et al., 2012) , and inferred from previous CIRS observations at higher altitudes Vinatier et al., 2015; Coustenis et al., 2016) . As Titan's atmospheric circulation transitions from two equator-to-poles cells (with upwelling above the equator and subsidence above the poles) to a single pole-to-pole cell (with a descending branch above South Pole), this subsidence drags downward photochemical species created at higher altitudes toward the lower stratosphere. Teanby et al. (2017) showed that enrichment in trace gases may be so strong that their cooling effect combined with the insolation decrease may exceed the adiabatic heating between 0.3 mbar and 10 mbar (100 -250 km). Our observations show that this phenomena may be at play down as deep as 25 mbar.
We compare retrieved temperature fields with results of simulations from IPSL 3D-GCM (Lebonnois et al., 2012) with an updated radiative transfer scheme (Vatant d'Ollone et al., 2017 ) now based on a flexible correlated-k method and up-to-date gas spectroscopic data (Rothman et al., 2013) . It does not take into account the radiative feedback of the enrichment in hazes and trace gases in the polar regions, but it nevertheless appears that there is a good agreement in terms of seasonal cycle between the model and the observations. As shown in Figure 5 , at 6 mbar meridional distributions and values of temperatures in the model match well the observations. It can be pointed out that in both model and observations there is a noticeable asymmetry between high southern latitudes where the temperature decreases rapidly from the equinox to winter, and high northern latitudes which evolve more slowly from winter to summer. For instance, in both CIRS data and model, between 2007 and 2013 at 6 mbar and 70
• N the atmosphere has warmed by only about 2 K, while in the meantime at 70
• S it has cooled by about 10-15 K. This is consistent with an increase of radiative timescales at high northern latitudes (due to lower temperatures, Achterberg et al. (2011) ) which would remain cold for approximately one season even after the return of sunlight. Figure 9 shows the temporal evolution of the temperature at 70
• N over one Titan year in the lower stratosphere in the GCM simulations and also emphasizes this asymmetry between the ingress and egress of winter at high latitudes. In Figure 5 , at 15 mbar modeled temperatures underestimate the observations by roughly 5-10 K, certainly due to a lack of infrared coolers such as clouds condensates . However, observations and simulations exhibit similar meridional temperature gradients for the three studied epochs, and similar seasonal temperature evolution. For instance, in 2016-2017 we measured a temperature gradient of -11 K between the North and South Pole, whereas GCM simulations predict a temperature gradient of -12 K. At 70
• S, temperature decreases by 10 K between 2007 and 2016-2017 in the GCM and in our observations. Besides, at 15 mbar, the seasonal behaviour remains the same as at 6 mbar, although more damped. Indeed comparison with GCM results also supports the idea that the seasonal effects due to the variations of insolation are damped with increasing depth in the lower stratosphere and ultimately muted below 25 mbar, as displayed in Figure 9 . At lower altitudes the seasonal cycle of temperature at high latitudes is even inverted with temperatures increasing in the winter and decreasing in summer. Indeed at these altitudes, due to the radiative timescales exceeding one Titan year, temperature is no more sensitive to the seasonal variations of solar forcing, but to the interplay of ascending and descending large scale vertical motions of the pole-to-pole cell, inducing respectively adiabatic heating above winter pole and cooling above summer pole, as previously discussed in Lebonnois et al. (2012) .
Further analysis of simulations -not presented herealso show that after 2016, temperatures at high southern latitudes began to slightly increase again at 6 mbar, which is consistent with observations, whereas at 15 mbar no change in the trend is observed, certainly due to a phase shift of the seasonal cycle between the two altitudes induced by the difference of radiative timescales, which is also illustrated in Figure 9 .
We also show in Figure 6 that at high southern latitudes, from 6 to 10 mbar seasonal temperature variations are approximately constant with pressure and can be larger than 10 K, whereas they decrease with increasing pressure below 10 mbar. This transition at 10 mbar may be caused by the increase of radiative timescales in the Figure 9: Seasonal evolution of Titan's lower stratospheric temperatures modeled by the IPSL 3D-GCM at 70 • N -between 5 mbar and 50 mbar, starting at northern spring equinox. In the pressure range probed by the CIRS far-IR observations (from 6 mbar to 25 mbar), there is a strong asymmetry between the rapid temperature changes after autumn equinox (L S = 180 • ) and the slow evolution of the thermal structure after spring equinox (L S = 0 • ). lower stratosphere. Strobel et al. (2010) estimated that the radiative timescale increases from one Titan season at 6 mbar to half a Titan year at 12 mbar. It can thus be expected that this region should be a transition zone between regions of the atmosphere where the atmospheric response to the seasonal insolation variations is significant and comes with little lag, to regions of the atmosphere where they are negligible. However, this transition should be observable at other latitudes such as 45
• S, whereas Figure 6 shows a seasonal gradient constant with pressure at this latitude. Furthermore, in Bézard et al. (2018) , the authors show that the method used to estimate radiative timescales in Strobel et al. (2010) tends to overestimate them, and that in their model radiative timescales are less than a Titan season down to the 35 mbar pressure level, which is more consistent with the seasonal variations measured at 45
• S.
The 10 mbar transition can also be caused by the interplay between photochemical, radiative and dynamical processes at high latitudes. Indeed, as photochemical species are transported downward by the subsidence above the autumn/winter pole, build up and cool strongly the lower atmosphere, the condensation level of species such as HCN, HC 3 N, C 4 H 2 or C 6 H 6 may be shifted upward, toward the 10 mbar level. Hence, below this pressure level, the volume mixing ratios of these gases would rapidly decrease, along with their cooling effect. Many observations, especially during the Cassini mission showed that during winter and autumn, polar regions host clouds composed of ices of photochemical species. For instance, the "haystack" feature showed in Fig. 1 has been studied at both poles in Coustenis et al. (1999); Jennings et al. (2012 Jennings et al. ( , 2015 , and is attributed to a mixture of condensates, possibly of nitrile origin. Moreover, HCN ice has been measured in the southern polar cloud observed by de Kok et al. (2014) with Cassini/VIMS observations. C 6 H 6 ice has also been detected by Vinatier et al. (2018) in CIRS observations of the South Pole. The condensation curve for C 4 H 2 in Barth (2017) is also consistent with the formation of C 4 H 2 ice around 10 mbar with the temperatures we measured at 70
• S in 2016. These organic ices may also have a cooling effect themselves as Bézard et al. (2018) showed that at 9 mbar, the nitrile haze measured by Anderson and Samuelson (2011) contributes to the cooling with an intensity comparable to the contribution of gases such as C 2 H 2 and C 2 H 6 .
Conclusion
In this paper, we analysed all the available nadir far-IR CIRS observations to measure Titan's lower stratospheric temperatures (6 mbar -25 mbar) throughout the 13 years of the Cassini mission, from northern winter to summer solstice. In this pressure range, significant temperature changes occur from one season to another. Temperatures evolve moderately at low and mid-latitudes (less than 10 K between 6 and 15 mbar). At the equator, at 6 mbar we measure a temperature decrease mostly due to Saturn's eccentricity. Seasonal temperature changes are maximal at high latitudes, especially in the southern hemisphere where they reach up to -19 K at 70
• S between summer (2007) and late autumn (2016) at 15 mbar. The strong seasonal evolution of high southern latitudes is due to a complex interplay between photochemistry, atmospheric dynamics with the downwelling above the autumn/winter poles, radiative processes with a large contribution of the gases transported toward the lower stratosphere, and possibly condensation due to the cold autumn polar temperatures and strong enrichments in trace gases.
Recent GCM simulations show a good agreement with the observed seasonal variations in this pressure range, even though these simulations do not include coupling with variations of opacity sources. In particular at high latitudes, the fast decrease of temperatures when entering winter and slower increase when getting into summer is well reproduced in these simulations. 
